Composite materials are increasingly used in rotorcraft structures to reduce weight and improve efficiency. The rotorcraft industry is constantly in need of higherperformance materials that offer improved mechanical strength and stiffness at a lower weight. In polymer-matrix composite structures, matrix-dominated failures impose severe limitations on structural performance. The objective of this work is to advance composite material technologies for rotorcraft through the use of nanoadditives to improve structural efficiency. Technical challenges and potential solutions for improving matrix-dominated performance of prepreg composites through nanoparticle reinforcement, are discussed. In particular, a promising technology for improving compression and interlaminar strength and fatigue performance, is identified. The advanced materials technology is based on high weight content loading of approximately 100-nm diameter nanosilica particles in low-viscosity resins. Such technology resulted in 2 MAKEEV compression strength improvement for intermediate-modulus carbon-fiber/epoxy-matrix 250° F curing prepreg composites as recently demonstrated by 3M. This work not only supports the initial findings of 3M regarding the improvement of compression strength performance but also demonstrates improved interlaminar material properties including fatigue performance, and expands the material design space. Fatigue performance is critical to rotorcraft dynamic components as they are subject to extreme oscillatory flight loads that can result in material fatigue failures.
Introduction
Fiber-reinforced composite materials are increasingly used in rotorcraft primary structures. The industry is constantly in need of higher-performance materials that offer improved structural performance at a lower weight. Rotorcraft dynamic components are among the most challenging composite applications as they are subject to extreme flight loads that are oscillatory in nature and cause material to fail in fatigue. In polymermatrix composites, matrix-dominated failures such as delamination and low fiberdirection compressive strength compared to the fiber-direction tensile strength, impose significant limitations on structural performance and longevity characteristics.
In fiber-reinforced polymer composites, the polymer matrix and the matrix-fiber interface are much weaker than the fibers.
The incorporation of nano-sized reinforcement in the matrix, such as tubes, fibers, platelets, and other-shaped particles [1, 2] , may improve the recognized weaknesses of composites, such as interlaminar and compressive strengths. However, the implementation of such advanced materials in rotorcraft has been limited by conflicting information in the literature on the best 3 MAKEEV approach for the enhancement of matrix-dominated properties, the lack of suitable material property data, and unproven repeatability and manufacturability at the structural scale. Therefore, a need exists to develop a knowledge base that characterizes advanced material technologies in conjunction with the manufacturing methods employed to process and post-process the advanced materials, establish process controls, and finally demonstrate the feasibility of the advanced materials, with the emphasis on fatigue life and life-cycle costs, versus conventional materials for rotorcraft applications.
The Vertical Lift Consortium, which represents a collaboration of U.S. Government, The AMT program started with a screening effort which identified the most promising candidate technologies for improvement of interlaminar fatigue performance and compressive properties. Such improvement was compared to the prepregs (carbon and glass fibers) currently used in rotorcraft structures. Not only structural performance but also manufacturability has been considered. For example, success criteria included improvement of mechanical properties of 350° F curing systems relative to a legacy baseline 350° F cure toughened epoxy system (Hexcel 8552 [3] ) without deteriorating processing and handling qualities such as viscosity, tack and working life. Currently, several rotor system applications use 250° F curing resins due to the relatively high viscosity of 350° F curing toughened epoxy systems such as 8552 [3] . Success criteria also included the improvement of mechanical performance of 250° F curing systems relative to legacy baseline 250° F cure toughened epoxy systems such as Cytec 381 [4] and E773 [5] , at a lower viscosity compared to 8552.
Among many candidates for improving compressive and interlaminar properties of composite materials are nanosilica-loaded matrices. Nanosilica (~100-nm diameter silica particles) is cost-effective; enables high loading (more than 40% weight content in the resin) with minimum impact on viscosity; and can be uniformly dispersible through surface chemistry technology (functional groups) [6, 7] . In 2009, 3M launched 3M™
Matrix Resin 3831, a 36% nanosilica weight content 250° F curing epoxy resin system designed for use in composite prepreg manufacturing processes [7] . Initial implementation of this resin in the sporting goods market has produced carbon-fiber 5 MAKEEV composite fishing rods with 60-90% increased compression-dominated bending failure loads [7] .
3M disclosed the material morphology as well physical and mechanical properties of their resin systems subject to various nanosilica loadings. Also, mechanical properties of carbon/epoxy nanosilica prepregs were published [6, 7] . Unidirectional prepreg tape for each of the resin systems studied in Refs [6, 7] was produced by Patz Materials and Technologies (Benicia, CA) using TR50S carbon fiber (Grafil Inc., Sacramento, CA). In this work, the material characterization is expanded to carbon-fiber and glass-fiber prepregs applicable to rotorcraft structures. In particular, compression and interlaminar material properties including fatigue curves are determined and compared to existing production rotorcraft prepreg material systems. It is worth noting that the previous studies employed standard testing and never questioned their suitability for measuring true material properties. For example, the ASTM D 2344 standard short-beam shear (SBS) test method [8] used in Ref [7] does not capture the interlaminar shear (ILS) strength and modulus material properties. Also, ILS fatigue characterization of carbonfiber and glass-fiber epoxy nanosilica prepreg composites has not been accomplished before. Furthermore, assessment of the interlaminar tensile (ILT) material properties, including strength, modulus, and S-N curves, has not been attempted in the previous studies. This work not only supports the initial findings of 3M regarding the improvement of compression performance of intermediate-modulus carbon-fiber/epoxymatrix 250° F curing prepreg composites but also expands the material design space to glass-fiber prepregs, and clarifies the interlaminar properties of nanosilica prepreg composites including fatigue behavior.
MAKEEV

Materials
As noted in the previous section, nanosilica-loaded prepreg composites are considered in this work. References [6, 7] provide the details of the material structure for 250° F curing carbon/epoxy nanosilica prepregs as well as their matrix-dominated properties measured using standard test methods. As listed in Refs [6, 7] , matrix stiffness can be a primary variable affecting composite compression strength in the fiber direction because fiber microbuckling -a major compression failure mechanism -depends on the amount of support provided by the matrix to the fibers. Incorporation of hard particles into polymers increases their modulus and can increase fracture resistance [6, 7, 9] .
Micron-scale inorganic fillers have been used to modify cured resin properties, but when processed into fiber-reinforced composite structures, these large particles are filtered out by the reinforcing fibers. Another undesirable effect of conventional micron-size fillers is increased resin viscosity before curing, which can compromise composite processing qualities [6, 7] . 3M attempted to achieve the desirable resin modulus and laminate compression strength improvements through the incorporation of smaller, nano-sized amorphous silica particles into thermoset-matrix resins [6, 7] .
In 2009, Patz Materials and Technologies (PMT) began working with 3M to address specific applications where 3M's nanosilica technology could yield significant benefit for composite structures. PMT would formulate the applicable thermosetting polymer technology for the specific application and 3M would apply the nanosilica to that polymer. The key to the performance of the nanosilica in each polymer system is 3M's ability to tailor the surface chemistry for the nanosilica particles. For each formulated product that PMT supplied, 3M would develop the appropriate surface chemistry for the
MAKEEV
particles. This allows the nanosilica particles to become an integral part of the polymer system, and thus the desired particle attributes could be realized in the composite structure. This also allows the particles to flow freely with the polymer system thus only minimally increasing the viscosity of the formulated product. The non-agglomerated compatibilized nanosilica can be evenly dispersed throughout the composite structure without filtration by the fiber array.
The highly compatible nature of the functionalized particles enables epoxy resins with levels of nanosilica exceeding 50% resin weight content. The nanosilica particles form non-aggregated dispersions at all loading levels. Figure 1 shows a representative 250° F cured carbon/epoxy composite laminate with 36% weight content of approximately 100-nm diameter functionalized silica particles evenly dispersed between 7-μm diameter carbon fibers [6, 7] . [6, 7] . The fiber volume fraction was approximately 60%. References [6, 7] report the details of the curing cycle as well as properties of the resin systems.
The AMT program also engaged PMT to produce prepregs applicable to rotorcraft structures. Intermediate-modulus carbon and high-strength glass fibers were selected for the initial evaluation: IM7 and IM8 carbon (Hexcel, Stamford, CT) and S2-glass (AGY, therefore comparisons of material properties should be interpreted with a degree of caution. In addition to the control prepregs containing no nanoadditives, prepreg tapes with up to 40% resin weight content of nanosilica (approximately 100-nm diameter) were produced. It is worth noting that densities of the composites with 40% nanosilica, characterized in this work, were comparable to the corresponding legacy composites.
The nanosilica prepregs which PMT produced for the AMT program had either 20% or 40% nanosilica resin weight content. Notations PMT(20%NS) and PMT(40%NS) are used to indicate the appropriate nanosilica weight content in the resin.
It is noteworthy that 250° F curing IM7/PMT and IM8/PMT carbon prepregs are made by the same prepregger (PMT) using the same resin and nanofiller types, and also using intermediate-modulus carbon fibers with similar properties to TR50S carbon fibers employed in the 3M studies [6, 7] . Therefore such prepregs are expected to exhibit Also, CNT and GR are known to increase resin viscosity at higher weight content.
Experimental data generated in this work are presented in a limited fashion as the AMT program effort to generate reliable material performance characteristics, is in progress, and the availability of data appropriate for publication is limited. However, such limited information indicates potential benefits of the advanced materials technology to emerging rotorcraft platforms and prompts more extensive material qualification.
Fiber Compression
In Refs [6, 7] , fiber-direction compression strength of the 250° F curing TR50S-carbon/epoxy nanosilica prepreg composites was assessed based on SACMA SRM 1R-94
[16] RTA testing of tabbed unidirectional 12-ply laminates. Nine specimens were tested for each material configuration. Table I lists compression strength data corresponding to the different nanosilica weight contents in the resin.
The apparent strength changed by 11.2% at 45 wt% nanosilica loading. After the strength values were normalized to a 60% fiber volume (FV), the change from the unfilled to the most highly filled material became 17.4%.
In this work, in-plane fiber compression performance of 250° F curing PMT prepregs was evaluated using the ASTM D6641 combined loading compression (CLC) test method [17] with a 50/50 (50% 0-deg. plies and 50% 90-deg. plies) cross-ply laminate.
Use of a cross-ply laminate rather than a unidirectionally reinforced laminate reduces the maximum load applied to the specimen and the CLC fixture splits the load path between face shear and end loading, thereby avoiding premature failure at either the grip entry region or the end of the specimen without the need for tabs. However, the use of a cross-ply specimen requires that classical laminated plate theory [18] be used to back-calculate the stress in the 0-deg. plies at failure. Typical ply properties for generic IM7/epoxy and S2/epoxy composites with no nanofiller, shown in Table II , were used in the calculations.
While it is recognized that variations in fiber volume content and matrix modulus could affect the relationship between stress at the laminate level and 0-deg. ply level by up to 10%, back-out factors for the 0-deg. stress were held constant throughout this investigation, based on typical unidirectional ply properties without nanofillers: 1.6 for glass/epoxy and 1.9 for carbon/epoxy. Multiplying the laminate stress by these back-out factors provides the stress in the fiber direction of the 0-deg. plies. The fiber-direction compressive strength of a ply determined using a 50/50 cross-ply specimen is considered to be representative of the in situ compressive strength of a unidirectional ply in a wide range of practical laminate configurations used in aircraft structures [19] .
Based on ply and laminate properties estimated at the start of this investigation, a 0 These results are plotted in Figure 2 . The coefficient of variation was typically less than 5% for the strength and modulus data. Such results are consistent with Refs [6, 7] .
All the PMT systems exceed the baseline strength -with or without the nanofiller.
The use of 40% nanosilica improves the strength the most. Only the IM8 composite (with 40% nanosilica) exceeds the modulus of the baseline system. An additional set of data for IM7 fiber and 40% nanosilica, obtained using the SACMA test method, shows slightly higher strength than similar material tested using the CLC test method. Cross-ply laminates were used in both test methods. The RTA strength improvement over the baseline, in this case, was as high as 45%.
It is noteworthy that the cross-ply modulus of the PMT laminates is about 7% to 8% less than the calculated value for IM7/381. Roughly half of this difference can be explained by the lower nominal fiber volume content of the PMT materials (57%) versus the IM7/381 material (59%). The remainder may be due to additional fiber volume content variations for the actual specimens tested in compression. Also, a less-thanexpected modulus in the PMT materials suggests an actual back-out factor that can be a few percent less than the assumed value of 1.9, as explained earlier. In short, the 0-deg.
compressive strength of the PMT materials might actually be a few percent less than the values shown in Figure 2 . Even with this potential correction, the improved compressive 13 MAKEEV strength of the PMT materials in relation to the commercial production material suggests a positive influence of the nanosilica filler-more than that which would be predicted by fiber content alone. The authors are currently investigating the 0-deg. unidirectional
properties of the various materials to allow for the proper accounting for fiber volume contents and to shed additional light on these results.
Next, the fiber-direction compressive properties are compared for the 250° F curing glass/epoxy systems. Figure 3 shows the compression modulus and strength data normalized to the SACMA test results for unidirectional S2/E773 which exhibits similar compressive properties to S2/381 tape (185 ksi or 1.28 GPa) [4, 5] . The CLC compression modulus data are normalized to a calculated cross-ply modulus of 4.45 Msi (30.7 GPa) for S2/E773 and S2/381. The coefficient of variation for the strength and modulus data was less than 5%.
The S2/PMT prepreg with 933 sizing with 40% nanosilica performs the best of all the PMT systems, exceeding the baseline in terms of strength (almost 30% fiber-direction compressive strength increase) and modulus. The 933 sizing is always slightly stronger than the 463 sizing at any nanosilica concentration investigated. Overall, the 250° F curing glass and carbon PMT prepregs exhibit similar trend with the 40% nanosilica materials performing the best of all the PMT systems shown in this comparison.
It is noteworthy that the cross-ply modulus increases by about 10-15% as the nanosilica content increases from 0% to 40% by weight in the resin. This difference stands in contrast to the much smaller modulus difference seen in the carbon/epoxy laminates. The increased sensitivity of the glass/epoxy laminates to nanosilica content can be attributed to the greater sensitivity of glass/epoxy cross-ply laminates to matrix modulus. 3M's data has shown that the modulus of an epoxy matrix is roughly doubled at a 40% nanosilica loading [7] .
Interlaminar Shear (ILS)
In Ref [5] , short-beam shear (SBS) strength of the 250° F curing TR50S-carbon/epoxy nanosilica prepreg composites was assessed based on ASTM D 2344 [6] RTA testing of unidirectional 24-ply laminates. Samples of 10 SBS specimens were tested, each measuring 0.25 x 0.75 in. or 6.35 x 19.1 mm (2t x 6t, t=thickness). A span of 4t (0.5 in. or 12.7 mm) was used. Table III lists the SBS strength data corresponding to the different nanosilica weight content in the resin system. ASTM D 2344 SBS strength improved with increasing silica content. An increase of 27% was measured at the highest nanosilica concentration [7] .
It is known that ASTM D 2344 test method does not capture ILS material strength and cannot measure ILS modulus [8] . In this work, ILS strength and modulus material properties were measured using the modified SBS test methodology recently developed at UTA [8, 12, 13] . The modified SBS test method is applicable to fatigue loading conditions [12] . Reference [13] is the first publication aimed at initiating the standardization process for the new method.
A few details specific to the test configuration used in this work must be mentioned. Figure 4 shows the SBS test setup [12, 13] used in this work.
Five to six specimens were tested to determine ILS strength and modulus for each material configuration. The digital image correlation (DIC) full-field deformation measurement technique was used to capture the surface strain components. DIC based strain measurement was combined with simple geometric stress approximation for measuring ILS modulus [10, 12, 13] . Linear elastic modulus approximation corresponding to the slope of ILS engineering stress-strain curves between 1,000 and 6,000 με was used in this work. It is worth noting that ILS stress-strain curves for unidirectional carbon and glass prepreg composites become highly nonlinear at 1%
engineering shear strain [10 -13] MPa (COV 4.1%) apparent SBS strength [4] . The same 3/4*(Applied Force)/(Cross Section Area) expression was used to calculate shear stress values in both cases. Figure 5 shows the ILS modulus and strength test data for 250° F curing carbon prepreg composites, normalized to the IM7/381 baseline. PMT prepregs with 40% nanosilica exhibit up to 30% higher ILS strength compared to the control prepreg composite; and up to 20% higher ILS strength compared to the IM7/381 production prepreg composite. The strength increase compared to the control prepreg is consistent with the 3M findings [7] .
Next, ILS S-N curves are determined for the 250° F curing carbon PMT prepreg composites with and without nanosilica. The S-N curves are generated based on constant load amplitude unidirectional SBS fatigue tests run at 0.1 load ratio and 10 Hz frequency.
The custom SBS test configuration ensures a consistent ILS failure mode [12] .
The SBS coupons were tested in a uniaxial servohydraulic load frame with 5.5 kip (25 kN) load cell capacity. The tests were conducted at the RTA condition and an infrared thermometer was used to monitor coupon temperature. No heating of coupons was observed. Figure 6 shows the ILS S-N curves for the 250° F curing carbon composites.
To generate the ILS S-N curves, the ratio of the peak shear stress and the baseline (IM7/381) ILS strength was plotted against the log of the number of cycles to failure.
The failure was defined as the onset of a visually-detectable delamination. Power law S-N curves were determined based on linear regression. The 10 million cycle runouts, indicated with arrows in Figure 8 , were not included in the trend approximation. (50.8-mm) diameter loading nose was not removed from the figure as both data sets followed similar trends; and the batch sizes were extremely limited. It is worth noting that in Reference [12] SBS fatigue data generated for IM7/8552 carbon/epoxy with 2-in. The nanosilica-loaded resin shows a rougher failure surface (i.e., shear hackles) compared to the resin without nanosilica, confirming a different ILS failure resistance.
The lack of hackles may indicate a relatively brittle shear mode of failure and that the hackles provide a longer crack path, higher fracture energy, and relatively high resistance to crack propagation in static and cyclic loading situations. In a crack-dominated fatigue failure process such as ILS, a more tortuous path can be expected to correlate with improved fatigue performance.
Interlaminar Tension (ILT)
ASTM D 6415 curved-beam (CB) test method [20] 20 MAKEEV Figure 13 shows the ASTM D6415 CB test setup and a typical tensile delamination failure. All static specimens were tested at the standard 0.05 in/min displacement rate, and exhibited similar behavior. The failure mode was tensile delamination starting in the CB specimen radius area, typically at about two thirds of the thickness inward from the outer radius of the bend, corresponding to the maximum ILT stress location, and quickly propagating through the flanges. The DIC technique was used in conjunction with the ASTM D6415 stress calculation to determine ILT modulus [14] . 26.5% [14] . Large scatter was also encountered in the S-N fatigue data generated based on the ASTM D 6415 ILT stress approximation [15] .
References [14, 15] showed that such a large scatter in the IM7/8552 CB test results was due to porosity defects. Although the porosity volume content in the IM7/8552 CB articles was extremely low (less than 0.12%), small individual voids present in the radius area reduced ILT strength and caused large scatter. A method for accurate ILT strength calculation based on three-dimensional computed tomography measurement of the critical defects coupled with finite element stress analysis was developed [14, 15] IM8/PMT(40%NS) also had similar stress levels at much different lifetimes, from thousands of cycles to a runout in some cases. Due to limited recourses, the CB fatigue sample sizes were 10 coupons -too small for any reliable assessment of the S-N fatigue curves. And scatter in the CB fatigue data for glass composites was even worse than for the carbon composites characterized in this work.
A more thorough follow up assessment of the manufacturing defects and their effects on the ILT strength and fatigue performance is required as suggested in [14, 15] . Fidelity of the non-destructive inspection needed to characterize the critical defects becomes extremely important. The susceptibility of the CB radius area to delamination limits the nondestructive inspections to the radius area and makes such specimens strong candidates to study the effects of manufacturing defects.
Concluding Remarks
This work shows that incorporating nano-sized silica reinforcement in the matrix may Tables   Table I. Fiber-direction compression strength of 250°F curing carbon prepreg composites [6, 7] Table II. Typical unidirectional ply properties used to calculate back-out factors (1 = fiber direction; 2 = transverse direction). 
